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Recent clinical trial* examining 3'-arido-3 ^eoxyihymidUic (AZT, zidovudine, or Retrovir) combined with 
uS'^'-dWcoxj-a'-tniacyttdinc (3TC or lamivudine) bav* shown thai corobinaiiun therapy i*JUi these oudeo- 
side analog ufford* tl^nificapL virologiiiid and clinical benefit The addition of 3fC (O AZT delays AZT ro- 

khianct in ^rapy-naive patient* and can re&lorc viral AZT susceptibility in p*timtf w»o previously revived 
AZT tdont. In some AZT-exrwrlen^d parents, lh* vlroIo&lcaJ response to AZT-3TC therapy i* noi sustained 
and vlrm resinani u> both drug* can be identified. To gam insight into the possible mechanism of dual 
re»i»unw, wc $wdled a recently described variant resistant U> both AZT and 3TC and Obtained by simulta- 
neous passage of an AZT-resistam clinical fculate in ceil culture with AZT and 3TC. Genetic mapping and 
site-directed raulugenoU experiment* demonstrated that a polymorphism fti codon 333 (Gly fc> Ch») of human 
immunodeficiency vinia type i rcvers* iranscripuuv (RT) was critical in faciluaUny dual re^Mancc in a 
complex background of AZT and 3TC reliance mutations. To assess the potential clinical relevant* of RT 
codon 333 eluwges, we iiudied dually rests ran viruse* from patients raking aZT and 3TC. Genetic mapping 
tif RT molecular clono derived from patient*' pla&ma samples demonstrated thai In some ca>e» polymorphism 
ai codon 333 was responsible for facilitating dual resistance. 



Zidovudine (3'-^do-3'-doexylhyrnidmc, AZT, or Retrovir) 
is commonly used us combination wiih other antiretrovjrai 
agenu for the treatment of human imxnunoderjcjency virus 
type I (HIV-1) infection- AZTtqerapy delays the development 
of AIDS and increases the survival of patients wim AIDS (£, 
12, 39) toog-tenn treatment with aZT monotherapy results 
la iDe eventual development of resistance to AZr (22, 26 T 33), 
which ultimately leads lo treatment failure (4, 32). Site-di- 
rected maiagcncM> experiments nave demonstrated mat ai 
]©a*t five ammo acid changes in reverse iraoscnprase (RT) of 
HTV-1 (at colons 41, 67, 70, 215, and are responsible fc?r 
AZT resistance (1ft, 20, for reviews, ace references 19 and 31). 
The first mutation to anse after several raomhn of aZT mono- 
therapy is typically at codon 7U, wnich result in an approxi- 
mate eightfold increase iu me Sd% inhibitory concentration 
(lC ?Q ). More resistant vuaaes. uiualry havmg combinations of 
[nuT4tions that include chants 4t codons 41 and 215, >ub$e- 
quently become dommaju m ibe resisiani virus population (3, 
17). Highly AZT-resistam varianu (with iC 5( £ incroaied more 
than lOU-fc>ld) rwtjuire the ^ccgmulation of four 10 *i< muta- 



' Corresponding aul£or. prv*cia addre^v V^co TJK, 162A Cam- 
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bridge CB4 4GH Urtiwd Kingdom. 

% Prefcrm addrcA: BC CtmWr fa* EfccaUcncc in HIV/ AIDS. V»ft- 
couvcr, BrUiah Columbia, Conttdn. 



tiOns iq RT, frequently indudmg a recently rccogni2cd muta- 
tion at codon 210 of RT (10, U). 

In contrast to a2T resistance, high-level resistance to the 
nucleoside analog i^2' ( 3'-didcoxy-3'-tluacytidme (3TC or larm- 
vudine) i6 conferred by a single mutation jo HlV-l RT at 
codon 1*4 (Met-184 to Val or occasionally He) (2, 7, 34. 3S). 
The appearance of this mutation during 3TC tncrapy is asso- 
ciated with an increase in plasma HIV-1 levels and treatment 
failure (35). Of note is thai the 184 Val muiarion cause* a 
concomitant increase in AZT seqsitMry m genorypically AZT- 
rcsisieint backgrounds (2. 24, 38). Furthermore. AZT-3TC 
combination therapy in drug-naive paueuts leads to a delay in 
!hc appearance of A2T reliance mutitttons even though 3TC 
resistant: occurs rapidly (18, 24) These observations have 
prompted speculation mar dual remittance to pom drug* may 
not develop easdy, as phcnoiypic AZT resistance in the pres- 
ence of tne 184 Val mutation may &e rare. 

The results of several clinical trials examining tht safety and 
efficacy of A2T-3TC combination therapy have recently been 
publisned (1, 5, 14, 37). Collectively, thoc Mudie* showed sub- 
ilwijal effects on virologies raarKers and sigmric*nl clinical 
benefit in eituer tncrapy-naive or AZT-exjwricnced pauents. 
Oue plausible explanation tov m« duration of this benefit in 
tnexapy-naivc patioiti »s rhe observed delay ai the develop- 
mtai of aZT resistance, as djscqssed above. In AZT-expcri- 
oncvd patient^ more complex paltenw of wrological nsspom>e 
and resistance have been observed, rxpsing from restoration of 
AZT Kusccpribility ro the development of A2T-3TC dual re- 
sistance (13, 27, 28). 

An HIV-1 variant that was sejecieo in cell culture ana that 
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Dcc4inc simultaneously highly redraw to aZT and 3TC was 
recently described (S) Tins mutant was obtained by cell cul- 
ture passage In bom AZT ana 3TC of a preexisting highly 
AZT-resistant clinical isolate (U73) To increase our under- 
standing of bow ttfV-1 c«n become resistant to both ATT and 
3TC r we describe a mapping and sjte-dircetcd mutagenesis 
study U«igncd to deline the genetic basis of dual resistance of 
this cell cultiue-seiccttfd variant. A novel poiymorphbm at RT 
codon 333 wu* *hown to pr responsible for facilitating dual 
resistance m the context ot" AZT and 3TC resistance muta- 
tions. To determine the relevance of rftis codon 333 polymor- 
phism m AZT- and 3TC-rreated patients, we studied HIV-l 
clinical isolates by genetic mapping of RT molecular clones. In 
sonic case>, po|yroorpm»u at codon 333 wa> responsible for 
facilitating du^J resistance. 



MATERIALS AND METHODS 

Cltmiiig nod A^denang of rt* HIV -I ITT B«m» fn*m virus resistant so AZT 
und 3TC. The RT covins rcsmn {17 W») *tf Uw a2T- and STC-KMCtani vim* 
wa* amplified by FOR fioin infsrcicd-ctli DNA *nd c|uni«i Jnio ihc M13 vec- 
tur rapuclS I a» described previously (20). Smgu^innided DNa& Eroni this 
clone (mpASCPyVC*) iim Mw> 3TC-cu*oopnt>l*, AZT-r»»t*M p*nmUi done 
(rapA2T*1373) wihm ocqucnuod with a PRISM Sequent mrnvnaiur a*nt;lc- 
btranocd. DNA wgucnanfi kit (Appiica Hoay Kleins) ana ictoive-a on *n AK 373 
DNA >c^vi*nc«=r (21) &&cowb*^nt clouci containing. & 1.7-Wi -tragnwat wub 
aucsscd for tat ab0n> io e*pr<x*> ^cc#»b KT try uiduL-aou of Ml3-infcctcd 
each a coh sjLCmA-i^ *0b ^pn^i-D-ifciD^auaopyr^nQv^ ^na 

inctiiMircicicnl of RT aCKVIT) iTl #MI«=p Ooriiibod previously (20). 

Com^rncnua ot fUV-1 vari»ni» wish recombinant RT tfene*. The £ceKl- 
^c/Rv rrifiiiimt encoding tiic eqwfileaY ot RT wdQtft I to 1%3 mcis ^urJtal 
from mpAZT"3TC ana mpK'f MG -r 1H W. 3 mutant construct tfcu wa* do* 
4cnboa pitviixiaiy iind una tarries *lLcu. 67A*u, TOAig. l&4Mct> alia 215TV in 
the HIV-lHKKtp bjtfsrou&d (34) The. fr^smcptiwerc then lifted *un fcoRI- 
£fl>RV-di*f»tcd iapRTMQ^184V ^wJ tnpAZT^TC^ rcapccuvcly. 10 form rc- 
m>iTTh t fiHnt clauci. Tuc tra^eac encoding m<? ^qv^^aat of ^.T uoekuu -»2*> 

S35 (« c . inOet of tile RNa*c H ctomaa) wu* pHnJi^ ftuni Ml 3 clone H1V- 
t\ (W J MK* Jig4toA wilfj i^ni-d^catcd nipAil'T'jTC 1 . TtK vntiTV RT WU^iJ 
i"C^U>n from MCh Of tJlcw rWMinb«WOt clmiu» wai» linearized by (l^rfiDu Wllh 

ZcoRI and //wrftni 2nd &t>wqucitUy tuajfsrrea inia ihc OLhcrwisc wUd-sypc 
HiV-Iffre: i> baek^iOuAd by hoinoio^ous rccomt)J3auou Tito T-ctU tLoe M.T-2 
(9) wu* uuIrsiufccCcd by ClcCliOpOiauOO W11& It Hlftlur? Of Ulc RT*4u|o(*4 pru- 
vir^i rtont pHlVtiT3aiiiU 494 &c Rl- and J/tnJin-diyaied DNAdvocrita? 
aboro (IS) a PCR fr^gipnm t 0000 * 1 * 7 io 2*3} derived from mpAZTSTC? wnd 
xnc oLgoc veleohdc pnmor cam^ oomti3 (3^) vw» aloo uued di tccom- 
binaiiou expenoenu vttti O^p pH;vi^m71 cjua^ whth uOjiiaui» a 57tt-t>p 
ookuon »a RT troni codons 4U 10 23l (34). 

^P>d)recf«d ipups^ravSlS Of RT Uld GMbOTOlOB of IIIV-1 rcainHautab. 

M»ndon> m W»p RT s«ne ««re ct<k*ic4 by snr-dtrrcwa mu^genun of tn* Mi3 
«lon» mpAjtT3TCf mpRTMQ *• lli*V m Jc^uibcd pitvioukly (23). Varv 

anlb were cOu»[/Uvtcd » COnVcft m»MU RT QOOOS 333 (Cl*) U> UrUd-iypc Gty tn 

npAZT^CC' imd 10 oonven wiW-^pc RT codoo 333 (Clj) * mpRtMQ* 
w muuai Ciu MuUlion* wrcrc verified by DNa K^uCIMe aDAty>>* ft* 
^Oovc M)3 r»?pUQ.Uvc-rorm DNA wa& prc^jaiodp &ad iHc ai»red RT roam$ 
region* were cnn»fcrrca isu> ico IU. V'i^x^, q gcncU: baelCKiOund by boaiolo- 
flOv** recombination wiUi pWJVRTE»U=U described tibovc. 
C4ia£trft«hoa of utfccaoa* cl«n«* camatnwg 8T dtmvtxj pl>£ff»t fiUV-? 
To pioduce HIV-l tAfp*-uou» cij^ from p&*m<i vjiJ RMa, we tucd a 
rc»calry dCSCflbod «ynTem btofid on APvi^l cU4Ml£ vm-UT XxLAl-np (36). 

HlV-l RNa was extracted from 1.0 ml of patent pl**ma wiih R^a*oJ B 
(Btutcut Uiboroiu/tf^ Inc., Hou£ton. Tc x.). RNA Croin me oq*iv.*toi[ of 100 iu 
5uQ arpU>ni4 mid 10 pntoi of dowatQcaoi FCR pnmcr were umt tur <J->PiA 
<yailic»» wiift SiipcTScrfpin Rf^wfi" KT (Oioco-SRl-, Lon^ Island. N.Yj. A 
m-swd PGR »m»3y w« w*Pd Id >mpi+^ U»o 1,460-bp RT f^Jipfltiii (codoai 15 
10 4«f0j from ma cPKa ^* Ococribcd prevxjus^ (36). The rCR p700wa« wfifp 
iMiuain purified (jtuaicgH COrpOrMXiOa. M4daOu r Wlu), vi\hX*J4l ^nd 

A^alr and T«puT^)c»i by »tttjiQui pruopiuitlon (th«^ pivtducr u rcfci red » a* 
aRT). THe vector b»«Lb«^9 prop*psd by d ^Dat^u jsxLaJ -opwA AVa« l ana 
Xbal AppreflnuteJv 002 h« ot iftKT halted w^ih 0 in of ^cl-pynficd 
£lLaI-up backbone by u» of T4 DNA (Fjoaiesij, 4»d the enure l^iitOu 
nuauic was uwd to inuihform contpoioai £. cui* JmIu9. "i be prOvtrtil libt&Acfr 
were exploded by Ovcraij(&( tpOWttL ill Lunu»Bcrt&Ri OTOIO awLuV^Qfi AinpiCiitill 
JnOWiflual piOvlial ClOCcS *tfK iSOlatod by jprcxtiu^ Uie tr^i»fannca octb unto 

Uu.ru-Bvrtkiu a#irpbtc« oanta 41111^ a^npjc.llin. Provual DNA wa* pur4k4 (Q»^- 
gpft l.qc^ Cn^iuworUi, C^Ll 3 und sciccuod Xoi ibe l,4$Obp titRT by 
dt^caiioa wiLb Xmal ^nd A&ul KucumbinHnt >iryflc( >*ftr« piO4uC*0 by «kctr^> 
poratipfi S h£ of r«cuiii}^i»nl DMA. into MT-2 cells as d4cnib«d abo^v. Swppr- 
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naunch conuioin^ viru» wcic tLarvekipd -41 u>c p^jK of c-yiopatuiC effect, wb^tL 
OuL-ulTcd 5 IO 7 of tor irjmJtajOn 

Fn^tfiiBBni vu^u^c and MW-dtr«ct«4 mifagencrfs in ihcXxLAl-np >acu*r. '1'br 
l,46D-bp XrrKil-Xbal fra^mwit c M t from k*u^c coreiiiiaai provim cKmcs, 
separated by ^.nxm ^jcl decwopiiorc*!*, wwl p^iliaa w#ih n CcneCi^an II Kii 
(B*o 1U1. lac. La JqIU C^i ) lie fr^incE; *a* tlw» d^bUsd wltL AwYI, 
ffiml r aud J9^pl2S0l 10 saiuoiia A'mul^fftfl j;>/wT-fl«#nI, ^wj Awi-Ajpl2S6l 
fr^gro«=Btd uorrGSpOndifl& to codou> 14 IO 190, 14 U> 315. 8Dd Is- to 359 ut ft T r 
rcbpe«iv*iy Simply, BjtYl-Xbul. Pffail-Xlwl, ana Js*p\2U&l-XlMil Ua^wnu 
*cjc isolated from wild-typ* joO-ai The fm^yncnK * c rp &o! panru=4 nud i^flira 
wjUi ihc ALAI-np baciboQv la ^iusr^tc prffriiuSCS Wilh RT nmma ^cid rcbducS 
H m 190, It 10 315. and H w 399 d^nved &aui uoxcutsuiat clone* Sit*-*iir»<:Lsd 
nma^paBku ot ihc A>/«jI-A"Z>cT RT fT4$mvni «*^-» i^rT^sd. uui witu an Altor^t 
Sues in Yiwo muUfiwimA tsybtcm (Pjomc^a). ^wl'J^al Irajyuimiii ti&u m4i- 

VlduAl viT*l CJOTJ^ wtsre triced iUtO ihc DaX.TER'1 muL^caeaia vctlte. mid 

etta^lo-^riAudod DNA wo> prop-iT«J ^nd used as a template in muogmotii 

FDaciU^na M^IfiaE uulOfiicS Vbcre fCTwttvd by 4*T"t5cl Mi^ucnrigj; of IQf pJaftRlld 

DNa. j&nai-.Y&wl tn^mcDis contain ai£ tbv dp-tirwa ruutaboon «ecc Then done4 
into sttAlup Tor U»» prodnctpun ot infectious vim* by ^iceuopor^Uon ot MT-2 

AZT sasa-ptiniUO' auajk. Tac AZT joU 31X7 bufiLcpTithkTtef of 

H1V-) r-jiLanlit wttn recombinant RT gene* 4 n4 iiUs-airL'cUid mutaut vu uk» 
Vrt?re (ktiormri^d by a plaque rcOuCTiOn atsay W«ft UC HcUa-CP4 T ocU Lnr 
riT+U*cZ-l by infects of moqojaycnt dcaCftbed p»viOu»]y (21, 36) JV 
Toidtliiij; c^ncyLtt wCrC «OyQKd following ^uiniflfi w^A ^'ih^ mcUiyl Violet {7 1} 
or 5-hxCm2Q-v-c^ lor o-3-in0oi> atrr^pyr-^ao^rtl <3 (36) The lC 3U & were de- 
termined by linear tegrcjciton uaaJyuIs of l&C lOg.jp inhibitor oano?nli^ld» vcniuS 



KESULTS 

Analyib of rtn aZT- und 3TC-T£ii«W3»i laboratory slmiiu 
We nrst con&xmed by a plaque reduction assay witU HcLa- 
d>4' P cells rue previously reported drug suw:cplib4iry of me 
1573 virus before and a&er passage m a2T and 3TC (S). a* 
anticipalcd, the initial isolate was aZT resbtam and 3TC sen- 
sitive; (rcspccnvi; ICjqS, 1 48 and 3.Sy ^M). In contrast, the pas- 
saged virus remained AZT resistant but v**3 ahv 3TC resistant 
(respective 0.86 and >200 tM) Wc ne« scquencea tne 
enure RT coding regions from the A^T- and 3T&rcsMant 
variant aZT^TC well as the parenral vuus. Both viruses 
had the following AZT resistance mutaiions: Mct4lL<u, 
Asp67Asu, 3-ys70Arj, teti2l0Trp f and Thi2l$TVf I" addition, 
we found six differences between theve viruses m the de- 
duced amino acid sequence of RT (i.e., Arg20l^s, Thr39Lys, 
Mcil84Val Aspl92Glu, Hts480Gln, and Lys558Arg). The only 
reooguizat>le drug resistance mutation induced during the pas- 
sage experiment was the 3TC resistance mutation MetlS4Vau 

Mapping aZT and 3TC dual resbuuiec muutions by mark- 
er fran^rer. In order to map the mutation(s) responsible for 
the aZT .md 3TC dual resistance phenorype ot Uie aZT^TC* 
vim;;, i?xper*weuTS were performed in which RT DNa frag- 
ments were transferred between the dually rc$u>taut v f rus and 
iht laboratory-derived mutant R'XMQ+1S4V (carrying 
Mc:tl$4Val and the aZT resistance mutations Mct41Lcu, 
Asp67Asn, tyV7UArg. and Thr2i5TVr m toe HlV-l^^.p 
background). The source of DNA for these marker transfer 
experiments was M13 dones containing mutant RT coding 
regions as shown schematically m Fig. 1, the EwTtI-£wKV 
fragment encompassing cottons 1 to 143 of the RT polymerase 
domain was exchanged between the Ml3 clone mpAZl T 3T'C T 
described above and mpRTMO-rld4V. The Kpnl fragment 
carrying codons 428 to 535 of RT (virtually all of the RN** H 
domauj) was exchanged between the Ml3 clone HXB2 
mpAZT*3TC r Infectious viruses with recombinant RT genes 
were recovered by recowb»naiiou with the RT deletion provi- 
rai clone pHlVRTBstEII. A PCR fragment derived from 
mpAZTSTC 1 with the oligonucleotide primer pair comb2 
and comb3 w*s also used m the recombination experi- 
ments, but in tnis case, with the partial RT a^Jetioa clone 
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FIG. 1. M*pp*»s A2T 5TC dual re**tanc* m Wiv-i atram aZTTTCT. 
Jn c*dcr io map dual r^faqco in laborawMy *ola» AZT^TC*, vanoui RT 
tra*aicuB were rtc^^g^ between either mpAZT3TC r rkc *i}d-iype 
viriia (HlV-l lt?WCIR ) or AZT^^ RTMQfl^V** (RTMQtW*)- 

K"f MQ-rltoVal coauute Urn fau^^ RT umiMioa* a tb<? HlV-l^^ d bacn- 
groutid- McwlUu. A»p67A*n, I_ys70Ar* McUtWVal wmT&r2iny The open 
bar* repredcmi HI V-Ihkk d RT, Ute aoua carb repi cbcu t aZT'3TC e RT, 4*4 the 
{M-tcftecl t»nncprc6cQt RT The numbers above U» X>±t* am ihc 

*ra*sa iii-id pObiTiou ax which RT fragments were exchanged. In rpcombiiu.nl 
RRcom&2,3, reaped 40 to 231 repre*e»v the "f the deletion in »© a*teuoa 

dloiLa u »d to conrtrvrt The v.i ui; StUs Lhu. vizua wia mtirfrucICd by rcOOmtfe* 
q^Liuii, lilC mfliim um pontile B«e uf Iftc inuiam fragment UW virua a loc SiZc 

ot itc dcictiOD. Recombinant viruses were Hwnfflfrd. for AZT »u*copt*biUty with 
mc HnJ-i-CD-r cell a»sty a» dwotood m Materials and teamed*. 



pHlVBstU07l (24) This procedure resulted in the transfer of 
» mutant RT fragment containing RT codous 40 io 231. 

The sensitivity of these viruses to AZT and 3TC was as- 
sessed by a plaque rcduttioa assay with the HeLa-CD4 T cell 
line HT4U»cZ4 (Fig. J). The virus RR/QI&4, constructed wilh 
the RT fragment 5' of the ftoRV sire from the dually rcslstani 
virus and The RT fragment 3' of the .fccoRV situ from 
RTMQ+184V, w* 5 *cn*itrve to a2T (IC^ 0.07 \M) ana 
resistant to 3TC (IC 3y , >200 ^Ai). Alitiough this virus con- 
mined four of the known AZT rtf*i>l»ncc rnut4tians (at codon* 
41, 67, 70, and 215), the codon 184 mutation suppressed ACT 
resistance in ihh background (24). The recombinant Q184/RR, 
con^lrm-ted conversely to thai above, was resistam to both 
drugs (A2T IC^ 2.13 j*M; 3TC IC^ >2U0 ^M). This fact 
indicated th»l The wgiatiou(s) rtr sponsible for du»l resistance 
mapped to The RT fragment 3' of the £uoRV sire (codons 143 
to 560). To address lh< role of the mutarioni between codons 
143 and 251 T n rc^orobip^at virds was con>lmcte;d by cotrans- 
fectins ihe comi>2<omb3 PCR rrttgrocnt (spanning RTcodon* 
7 to 243) with the RT deletion clone pHIVB$ill07l (wun a 
deletion of oodous 40 ro 231). The rebutting virus, RRcomb2,3. 
was AZr sensitive (JC so> 0.09 *lM) aqd 3TC rcii^Unt (IC^ 
>20u h-M). finally, \vc assessed the drug sensitivity of recom- 
binant RR/Kpn HXaZ . 0 , *uicn coniained virxually the wnoje 
RNasc H domain from tins wild^iype virus (codons 428 io 535) 
m me bacic&round of the dwully resistant itrain. This virus 
rwiaincd aZT resistance {f ig. 1) and was aJso resistant to 3TC 
(ICjo, >200 H M). From th™ lesallis, u wi»s clea*- That the 
inuxatioo(s) rcipoxuibie for dual resistance mapped to the 3' 
end of RT bclw^«m t^dons 231 and 428 or between codons 536 
*nd 560. 

Construction or MIV-l stratus mih codon 333 polymor- 
phisms. Closer inspection of the 3* end of RT {from codon* 
231 to 42$ and 536 to 560) revealed nine amino acid changes 
bcrween HIV-Ih^.q and AZT3TC f G1Y333G1U. 
Gjy359Ser, Ala37lV4l, Ue375Val, Thr376AK Lys390Ajg, 
Glu404Ai>p, Phe4l6Tyr r and Lys558Arg). Ait of these change* 
were seea in the paiealal 1373 v^rus, except for codon 558, 
which was Lys, ^ in )ZN-l t Ba&>& 0l * ;ntj! ^ reaves that could 



TaBLE I AZT and 3TC 3uscq>iibiUti«» of recoiitbinani vjji» 
clones derived from phxsma HIV-l RNAfiotn five patients 

IC^. ^M, of (fold icat*Biaiicc): 



a2T 



3TC 



xxuu-np (control) 

G2-lt> 

G2-3 S 

V17i*a 

G2-2a 

V2l3b 



aooe 

0.32 (54) 
10(160) 
O.S (134) 
0.2 (33) 
3-7 (617) 



0.3 

>30 (>100) 
>30(>100) 
>30(>100) 
>30 (>100) 
>30(>100) 



Have Dwn responsible for rhe dual resistance phenotypw, co- 
don 333 was highly conserved aroougwjjd-rype HIV-l variants, 
wheruai the other residues were Ic^s conserved- It should be 
noted, however, that the Gly333Glu polymorphism was not 
selected during in vitro parage but was already present m the 
parvntaJ virus (AZT-resjstant isolate 1373). Nevertiieie». bc- 
rdus? arnino acid conxrvatiun implies an important role in the 
function of the enzyme, we decided to construct variant* by 

Alt£-tlircele4 uiul*5r**cwa to Asatiu thv potential role of ihc 
Gly333Glu polymorphism in ACT and 3TC coresistancc. 

First, we convt?rled codon 333Gm in ih« dually resistant 
variant to the wild-Type residue, Gly. The resulting variant was 
3TC rcfiutant bat anowed a marked +qcrease in sensitivity to 
AZT (3YC iCso, 200 ,*M; AZT IC^ 0.06 pM) (Fig. 2). N*xi, 
we introduced the Gly333Glu polymorphism into the A2T- 
whtyitivc. 3TC-resistant (ICsq, >200 p.M) laboraTory variant 
RTMO+184V. This process rendered rne resulting vims resis- 
tant to both AZT (IC^, 1.73 pM) and 3TC (IC^, >200 K M) 

Ceneqc anar>>U of duaUy resisiant HIV-l rrom aZT- and 
3'fC-ircaied patknw. Recombinant viroscs captaining RT se- 
quences derived from plasma HIV 1 RNA wer*? constructed 
With samples from five patients receiving aZT and 3TC and in 
wtiom irtatmcni failure was suspected from declimng CD4 T 
T-oell counts (50% decrease from basetme) 40d/or a new onset 
of HlV-l-rel»ted symptoms (27). Baseline (prctherapy) &aru- 
pies were not available fbr analysis HIV-l RT fragment* 
(1.460 bp) were derived by RT-PCR of plasma viral RNA and 
were subsequently lifted mto the RT cassette ciomng vector 
ixLAl-np in order to obtain infectious IHV-1 molecular 




RR fW333C RTMQ RTMQ QWV 
VI&4V 



FtO Z aZT tu&ccpabili^ of rwombin^ni HlV-1 vanaaoi wiiii atlcr&a K'l 
cu^ua 335 RcCcnU>Inixii viTum» ~esrc coofitj-acicd by siic-dmctcd rautugcncfiit 
«p order » aJucT RT codon 335- TM oodou a as cuanjcd from Gm to Qty in ihc 
4MiUy rcfiifliam Biraia AZT3TC (aatJasnica RRj » proawee RR/333G In 
udd+ttfm, codon 333 cAmi^^ from Gly to Glu tn ihe UrxsniTuiy IhOl&tt 
RTMQ^l^Val (des^wwd RTMQ+ii*4V) to produce Q1S4V+333S. 
RTMQ is 3» AZT-rCiitant sujur a^sq uq HIV-Ih^ d and flonuinias iac 
tbuowiajs chafes in RT. M«4ll*w, AopblAvK t-Ys70Ars, s»d Tm2lS iyr Re- 
oosibiual vtTudbb were assessed for AZT xiaceptoiiity witti the HcLetCD4 t cm 
jtttfty V& d^cribcMi 41 KlarcrliilE and Method*. 
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TABLE 2. Mjppiftg AZT ami 3TC dual resistance 
Ot cUxcb from clinical isolates 



Foia AZT w^iincc (relative io tiuu of M-l) of m u tau t 



TABLE 3. Genoiyp<5S of live aZT- jnd 3TC-r«r*itx*iiii 
clones from paucw samples* 

Mtic&on jh amino jocW 



Sample 




vifufc C9ntpii*iftg RT fiamio acids. 




1* to 1*0 


U io 315 




G2-Xb 
Ct2-3$ 
V178» 
C2-2a 
V213b 


2u 
1.0 
2.0 
1-4 
Not 403c 


172 
40 
220 
11 


Not 

No? done 
150 
35 
114 



cion«. Clonal mixtures arid individual subclones were used to 
generate Infectious virus for AZT and 3TC susceptibility de- 
ternnnattonv Recombinant viruses derived from tne aoaai 
mixtures (not shown} as welt as the individual suWones (Table 
1) showed dual resistance io AZT and 3TC for all five patients. 
Recombinant viruso derived from four control patients wno 
had stable OH* T-ceu counts and no tiXV-l-felatcd syrnp- 
iutn» on AZT and 3TC therapy showed resistance to 3TC 
(iCyo, ^30 ,*M) bui nox A2T (IC^, -cQ.Ol H M) (data nox 
»ho*n) 

We neon performed a series of fragment exchange experi- 
ment with dually resistant proviral clones in. wnicn mutant 
sequences were exchanged for wild-type sequencer to derive a 
series of cnimeric rcvombwant strains (containing fragments 
from dually resistant cionL-i corresponding to RT amino acids 
4.4 io 190, 14 to 3l5> and 14 io 359). Dual reliance mapped to 
RT regions, encoding amino acids 190 to 315 w three of these 
clones and to amino acids 3 15 to S^y m tne remaining iwu 
clones (Tabic 2). The genotypes of these clones shown m 
Table 3, revealed toe presence of ihc codon 333 polymorphism 
m the two clones (G2-2a and V2l3b) »n whicn dual resistant*: 
mapped to re^ons encoding ammo acids 315 to 359. Sequenc- 
ing of tne original clunal mixtures from which the subclones 
were derived also demonstrated the polymorphism ar codon 
333, indicating ibut it *a* rue predominant specie* In the 
plasma samples (data not sbown). 

The relevance of the Gty333Glu-Asp polymorphisms for the 
dual resistance of Tftoc clone* was determined by reversion of 
the Glu or Asp res+dges by sire-dir*cLed mutagenesis to me 
wild-typt residue, Gly. Drug susceptibility analysis showed thai 
the aZT susceptibility of the revertams bad increased by six- to 
sevenfold (Table 4). Conversely, conversion of the natural 
Gly33£ residue to Asp in ihc LaI background coniaining only 
4lLeu, l&Vai. 2l0Trp. and 215Tyr resulted in a 7.7-foid de- 
crease in AXV susceptibility (Table 4). 

DISCUSSION 

The initial aim of mis study was to elucidate the genetic basis 
of A2T and 3TC daal resistance m a laboratory-derived tilV-1 
isolate. This topic was of ^ntertrst for a number of reasons. 
First, early attempts to select such variants &y cell culture 
parage experiments weru uniucce^ful, presumably because of 
ihc e^eci of ine lS4Val mataiion on a2T rc»Utance (24) 
Second, il has recently become evident that in addjuoa to the 
occurrence of restored phenotypiC AZTl" susccptibiiiiy, AZT- 
and 3TC-re^istant variants may emerge during combination 
AZi-3TC tncrapy (13, 27, 28). Vbis finding appearv more 
common in the context of extensively AZT-expertenced pa- 
tients receiving A2T-3TC combination therapy and wno al- 
ready have AZT-resuitant virus. Thus, we antidpatcd that a 
clearer understanding of the genetic uatuje of dual rt>i>tanoe 



LAI 




190 » 31 5 




31Stu35y 




C2-lb 




Vl?Ba 


G2-2* V2136 


M41 


L 


L 


L 


J- 


— 


Do7 




N 


N 




N 


K70 


— 


— 


R 





— 


M184 


V 


V 


V 


V 


V 


Uiu 


W 


vy 


w 


w 


w 


T215 


Y 


Y 


— 


Y 




K219 


£ 


~- 


E 


— 


— 


G196 




u , 





— 


e 


T2tJ0 


I 


— 


I 







E203 


— 


— 




D 





Q207 


E 


— 


— 


A 




won 





Y 


— 








R211 




K 


K 


K 


K 


J-214 


F 


* 


F 


F 


f 


[ ?Qft 








n 







V245 








E 


M 


— 


P272 


— 


— 


A 


— 


— 


H277 


K 


— 


& 


N 


— 


L283 


— 


— 


I 


I 




K2S4 


K 







K 




T286 


— 


— 








1293 




V 








C297 




A 








E300 








D 


Q 


K311 






R 






1326 


V 










1329 


V 






V 




G333 








D 


K 


0334 








N 




T33S 












F346 








V 




K347 












R356 


K. 


K 






K 


T357 




M 


M 


M 


M 


G35« 




S 




S 




A360 


T . 










A371 




V 




V 




T376 




A 








K3S8 













* Boldfacing tnfl?rhr*h the amino acid kubkiiiuuoo* ia ibb tragmcut oonfcrTinf 
duxl ccftifiiancc. — , wja-iyp? a^insnoc (rcLdlTVc IC LAl). 



in a laboratory variant would provide a broader understanding 
of thi& mechanism, particularly in clinical strain*. 

It was quite unexpected that our mapping and site-directed 
mutagenesis studies would revwal a polymorphism »t codou 



TaBLE 4. AZl sasccptidiliry of HIV-1 clones from clinical 
sample* Wtf b a tcvaxjou ^ RT codon 33S 

vyT a] ^ - - • 0 006 

02-2a - — - . .0.2(33; 

C2-2a/D333Q (revcrlunl) - *>03 (5) 

V2t3b „ -- -3.7(617) 

V2l3b/E333G {jtvcrtanl) - — 0.54 {W) 

ALAl-np/4XL/ia4V/2X0W/2l5Y „. 0.007(1,2) 

xxLAi-np/4lL/l$4V/2;0W/2l5Y/333D- .- - 0.0*6 (7.7) 
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333 in RT as the change responsible for facilitating dual resis- 
tance This finding was particularly intngumg because the 
Gly333Glu change was not selected during passage of the virus 
in aZT *nd 3TC bui already existed in me initial AZT-resis- 
tant strain. This variant was alreaay highly AZT resistant and 
contained five of the six recognized AZf resistance mutations 
(at codons 41. 67, 70, 210, and 215). Selection of the lS4Val 
mutation by passage in aZT and 5TC subsequently conferred 
high-level 3TC resistance. However, in The cornea* of the pre- 
existoig 333Gju rxUymorplusw, it appeared that l84Vai no 
longer exerted the ejected AZT resistance reversal effect. 
This result was proven in two ways first, conversion of 333Gju 
to Gly ia the dually resistant variant caused a concomitant 
switch w an AZT-susccpiibiu phenotype Second, mutation of 
the v/ild-rype Gly333 residue to Glu in the AZT-susceptJbie 
laboratory isolate RTMQ+lS^V resulted in an aZT resis- 
tance pheooiype despite the presence of 184 Val- It should be 
noted rd3t the 333Glu change alone is not responsible for 
conferring dual resistance out soraeho* influences aZT *us- 
ceptibajry in the content of A2T and 3TC resistance muta- 
tions. 

The precise molecular mechanism by which 333G|u modu- 
lates ACT resistance in the presence of i&4Val and aZT 
resistance mutations* h not obvious. The crystal structure of 
HIV-1 RT shows tliar residue Gr/333 in The p66 subumt is 
located far from the polymerase active s»re (approximately 42 
A from the carbon of residue 333 to thai of residue 184), in the 
so-called connection domain of the enzyme (29, 36a) This 
domain lies between The palm region in the polymerase do- 
roam ana the RT carboxy terminus, which comprises the 
RNase H domain (2*)- Giy333 in the RT p66 subunit is also 
portioned cloie to the base of the thumb region, wnjen is 
involved m template-primer interactions. Thus, ii is possible 
ttiai changes at this position alter the positioning of the thumb 
region and subsequently reposition the template-primer in the 
acuve s«e of the polymerase domain Recently, inc crystal 
structure of HIV-1 RT containing four AZT resistance muta- 
tions was solved. The structure showed that aZT resistance 
mutations at codons 215 and 219 give nse to a conformational 
change in the RT polypeptide that calends to the aettve-siie 
Asp residues (30). Clearly, long-range effects of these muta- 
tions can modulate the recognition of AZT triphosphate in the 
polymerase active site Similarly, crystal structures of mutant 
RT enzymes harboring the 333GJu change together with aZT 
and 3TC resistance mutation* may reveal specific movements 
m the enzyme active s^re and shed light on this molecular 
mocrwmsra of dual resistance . 

We conducted an investigation of the genetic basis of dual 
resistance In recombinant viruses containing, RT sequences 
from rive patients with clinical evidence of aZT and 3TC 
treatment failure. Wc used a novel RT cassette clonins system 
which enables the generation of infectious iilV-1 clones that 
Caw he used to produce virus for a susceptibility analysis. We 
found that viruses from two of these individuals were dually 
rctUl&nt due to amino acid polymorphisms in the RT region 
from residues 3lS to 359. Sequence analysis revealed the pre- 
viously tveogniwd change at codon 333 of Gly to Glu, in 
addition to a novel change of Gly to Asp. Reversion of Glu or 
Asp to Gly unequivocally demonstrated that these polymor- 
phisms were responsible for taciluaiing dual resistance in the 
context of me aZT and 3TC resistance^ mutations Thus, it 
appears that this inechanism of dual resistance can occur in 
patients «n a manner similar to that m the laboratory varant 
that we analyzed Final coufirmation rftai ihc 333Asp residue 
influences dual resistance c»rne from the conversion of Gly vo 
A*p in * clonal laboratory LAl strain thai contained 1&4V&1 
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plus AZT resistance mutations. Therefore, it appears that the 
Asp substitution ut codon 333 cause* a pnenorypic effect sim- 
ilar to that of rhe Giu substitution- We assume that, as in cht 
siru<ttiun wjxh rhe 1373 virus, the obwsrve4 polymorphisms at 
codon 333 in isolates G2-2a and V2l Jb were preexisting Since 
we did not have pretburapy samples, wv cannot rule out the 
possibility mat these changes at codon 333 appeared tfanng 
therapy. However, sequence analysis of baseline samples from 
about 100 A2T-eixperienccd individuals who participated in 
the A2T-3TC combination therapy trial NUCB30U2 showed 
that the codon 333 polymorphisms preexisted m the viral pop- 
ulation at a frequency of 10% (unpublished observations). 

A recent report suggested that AZT and 3TC dual resistance 
in clinical isolates from four individuals was a function of the 
overall number of amino acid changes in RT (28) In that 
study change* in the C-termtnal region Of RT (between rew- 
ducs 261 and 561) were not found to play a major role m dual 
resistance. However, only one of these isolates nad a high level 
of aZT resistance similar to that of the laboratory and dmicai 
isolates examined m our study. Only tins isolate is analogous to 
rhe cioqaj samples G2-Ib t G2-3& and Vl7&* <maly2ed here. 
The other three isolates reported by Nijhuis et al (28) dis- 
played various degreos of partial resistance to AZT Although 
sequence data ivere not shown, wc Anticipate that ui these 
isolates the 333Glu-Asp twlyrrjorphisio was not present. Thus, 
the tact that these isolates were not highly ATT resistant is 
consistent with the l$4Val mutation still having a suppressive 
effect. 

Our findings regarding the influence of residue 333 on AZT 
resistance obviously have implications for the interpretation of 
HIV-1 RT genotypic profiles from clintcal samples. By focus- 
ing only on the six recogni*/cil AZT resistance mutations plus 
codon 184, it is clearly not possible to derive an accurate 
picture of the viral phenorype. Under certain circumstances, a 
virus may be phenotypically AZT susceptible because of the 
influence of 184 Val, even though significant numbers of AZT 
resistance mutations are present. Conversely, a virus may be 
phenotypically AZT resbtant when all of these mutations are 
present along with pojymorplusm at codon 333 Therefore, 
sequence information from tnc 3' region of RT in addition to 
the 5' region is required ro make more reliable predictions 
about the likely phenorype. However, the situation regarding 
AZT and 3TC dwal resistance Is obviously quite complex Ad- 
ditional polymorphisms in the 3' region of RT may alsv rum 
our to influence dual resistance, as may polymorplu&ms m trie 
5' region (implied by the study of Nijhuis et al and also by 
three of rhc cloual clinical isolates m the present study). We 
are now focusing on understanding the genetic basis of aZT 
and 3'1'C dual resistance in a larger collection of clinical iso- 
lates It is anticipated that this work will further help to define 
porymorphisms m RT rhar facilitate da^i resistance Such in- 
formation is of clear importance in situations m which only the 
viral genotype is determined as a means of assessing drug 
resistance of virus from treated individuals. 
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